Previous genome-wide association studies (GWAS) have identified common variants in genes associated with variation in bone mineral density (BMD), although most have been carried out in combined samples of older women and men. Meta-analyses of these results have identified numerous single-nucleotide polymorphisms (SNPs) of modest effect at genome-wide significance levels in genes involved in both bone formation and resorption, as well as other pathways. We performed a meta-analysis restricted to premenopausal white women from four cohorts (n ¼ 4061 women, aged 20 to 45 years) to identify genes influencing peak bone mass at the lumbar spine and femoral neck. After imputation, age-and weight-adjusted bone-mineral density (BMD) values were tested for association with each SNP. Association of an SNP in the WNT16 gene (rs3801387; p ¼ 1.7 Â 10 À9 ) and multiple SNPs in the ESR1/C6orf97 region (rs4870044;
Introduction
O steoporosis, a major public health problem owing to the associated increased risk of fractures and consequent morbidity and excess mortality, is a skeletal disorder characterized by compromised bone strength predisposing to an increased risk of fracture. Low bone mass is a major contributor to reduced bone strength. In the United States, osteoporosis accounts for 1.5 million new fracture cases each year, and more than 40 million people (primarily women) either have osteoporosis or are at high risk because of low bone mass. (1) Previous studies have demonstrated that bone mineral density (BMD) in older adults is influenced by genes underlying both bone accrual (ie, peak bone mass) and bone loss. (2) The contribution of genetic factors to variation in BMD is substantial; (3, 4) however, only recently have specific genes and variants associated with BMD been identified and replicated. (5) (6) (7) (8) (9) (10) (11) (12) Because of the small effect sizes of identified variants, the most robust results have been obtained by combining results across numerous studies, most including older women and men, to obtain very large sample sizes. These highly powered metaanalyses with very large discovery and replication samples have both replicated known genes or variants and detected novel genes or variants contributing to BMD variability. (13, 14) However, these studies have not focused on the genetic determinants of premenopausal bone density. Peak BMD, which generally occurs around the third to fourth decade of life at the lumbar spine and much earlier at the hip, (15) is one of the strongest predictors of BMD in later life. Peak BMD is highly heritable, with estimates in white samples that 50% to 85% of its variation is genetically determined. (2) Decoupling the effects of peak BMD and premenopausal bone loss (16, 17) on BMD in later life is important for understanding osteoporosis risk. Bone loss with age is influenced by substantial environmental as well as genetic factors. These factors may or may not also contribute to peak BMD. Thus, studies of older populations in whom bone loss is likely to have begun may not identify genes that uniquely contribute to acquisition and maintenance of peak BMD. Rather, in women, changes in BMD related to the menopausal transition may be influenced by genetic variants that do not reflect peak BMD and may mask the ability to identify specific variants associated with this phenotype. This study was designed to identify genes contributing to peak BMD in premenopausal women. Although several drugs exist to inhibit bone loss, including bisphosphonates and RANKL inhibitors, there are currently few medicines aimed at enhancing bone formation. Thus, the identification of genes responsible for bone accrual may serve to identify drug targets whose manipulation could aid in the improvement of BMD, which has been a successful strategy for therapeutic development. (18) 
Materials and Methods

Discovery sample
Genotypic and phenotypic data were obtained from four cohorts of well-characterized European-American premenopausal women, with dual-energy X-ray absorptiometry (DXA) BMD data available at both the lumbar spine (L 1 -L 4 or L 2 -L 4 ) and femoral neck (Table 1 and Supplemental Methods). All four discovery cohorts also contributed genome-wide association study (GWAS) results to the Estrada and colleagues analysis; (13) the discovery cohorts for our study (except the Indiana Sister sample) represent subsets of larger samples also containing older individuals of both sexes. To obtain a sample of female subjects yet to reach menopause and as near to their peak BMD level as possible, the age range was limited to subjects between 20 and 45 years of age at the time BMD was obtained. When serial BMD measures within this range were available, the earliest measure was used. The precise age of menopause could not be uniformly determined in all participating cohorts; therefore, 45 years was chosen because it is the inflection point in the trend of BMD with age (19) and because population-based prospective data show this is where major bone loss begins. (20) Exclusion criteria for all studies included inability to have BMD measured because of obesity, irregular menses, or a history of pregnancy or lactation within three months before BMD measurement. Women taking oral contraceptives were not excluded. Additional cohortspecific criteria for exclusion of peri-and postmenopausal women are detailed in the Supplemental Materials. Genotyping was performed independently in each sample and results of the discovery GWAS studies were previously reported. (7, 8, 21, 22) Each study independently imputed their autosomal data to the CEU HapMap II release 22 singlenucleotide polymorphism (SNP) map; 2,543,887 genotyped and imputed SNPs were then available for analysis in each cohort. Association analyses of each SNP with the two BMD phenotypes were conducted in each cohort separately. Each study included appropriate covariates such as age, weight, and familial relationships, as needed (see Supplemental Materials for details). All cohorts contributing to the meta-analysis had study approval from their appropriate institutional research ethics boards, and written informed consent was provided by all subjects.
Meta-analysis
Results from the different discovery sample data sets were combined using inverse variance fixed-effects meta-analysis as implemented in METAL. (23) The contribution of each study to the meta-analysis was weighted by the standard error of the SNP association parameter (beta of the SNP effect). Double genomic control correction was applied to account for possible inflation of association test statistics owing to cryptic stratification among or between the discovery cohorts.
Selection of SNPs for replication
SNPs with p values <5 Â 10 À5 were prioritized for further review and potential inclusion in the replication studies. All SNPs meeting this threshold were reviewed in detail to determine whether: 1) at least three of the four studies in the discovery sample supported the association (b in same direction); 2) there was at least one other SNP within the surrounding 100-kb region that supported the association (p < 10 À4 ); and 3) the minor allele frequency (MAF) was >10%, so as to have sufficient power to replicate the association in the replication sample. We then pruned the set of SNPs in a chromosomal region to remove all SNPs in linkage disequilibrium (r 2 > 0.3) with the SNP having the most significant p value in the region. Using this approach, a total of 23 SNPs were selected for genotyping in an independent replication sample.
Replication sample
For replication, we identified seven additional studies that included premenopausal women for whom BMD measurements had been made at the femoral neck and lumbar spine sites. The majority of these samples were independent of those employed in the larger, more heterogeneous BMD study by Estrada (13) ( Table 1 and Supplemental Methods). The primary inclusion and exclusion criteria for the replication sample were identical to those applied to the discovery sample (details of each replication cohort are provided in the Supplemental Materials). Each data set included in the replication sample was analyzed separately, and summary results were then meta-analyzed in the same manner as for the discovery sample.
Replication and joint meta-analyses A total of 23 independent SNPs were evaluated for association in the replication sample. A joint analysis of the data from the discovery and replication samples was conducted for the 23 SNPs on which data were available for all the contributing studies (termed the joint sample). The significance of these joint metaanalysis results was evaluated using a genome-wide threshold of 5 Â 10 À8 . Because of the racial diversity of the replication sample, the joint analysis was also performed in only those cohorts who were white and non-Hispanic.
Conditional analysis
The GWAS meta-analyses revealed two regions (WNT16 and ESR1/C6orf97) for which multiple SNPs provided evidence of association with lumbar spine BMD. We performed conditional analyses to test whether there was evidence to support other independent association signals for BMD in these regions (see Supplemental Materials for details). The Indiana study consists of a European-American sample with GWAS genotypes and an extended sample of both European-and African-American subjects without GWAS. Table 2 .
Two SNPs in the lumbar spine BMD GWAS exceeded conventional criteria for genome-wide significance (p < 5 Â 10 À8 ).
The most significant result was on chromosome 7 with an SNP in the last intron of WNT16 (rs3801387; p ¼ 1.7 Â 10 À9 ). The association extends to SNPs with similar minor allele frequency (MAF ¼ 0.26 to 0.29, p < 10 À7 ) across a linkage disequilibrium block containing WNT16 and the neighboring gene FAM3C ( Fig. 2A) . The second genome-wide significant result was obtained with an SNP on chromosome 6 in C6orf97 (rs4870044; p ¼ 1.3 Â 10 À8 ).
For the chromosome 6 region including ESR1 and C6orf97, the evidence for association extended to nearby SNPs with a range of MAF; these SNPs included rs6930633 (p ¼ À5 or less were genotyped in the replication sample (Table 2 ). These included two additional SNPs in the ESR1/C6orf97 region, and nine SNPs at genomic locations distinct from WNT16 and ESR1/C6orf97.
Discovery sample: femoral neck BMD
Results from the GWAS meta-analysis of femoral neck BMD are presented in Fig. 1B . After double genomic control, there was no evidence of genomic inflation (genomic inflation factor ¼ 1.003; Supplemental Fig. S1B ). Further details on SNPs with evidence of association are provided in Table 3 . No SNPs in the femoral neck BMD GWAS exceeded conventional criteria for genome-wide significance. Several SNPs had p values making them eligible for consideration in the panel to be genotyped in the replication sample (p < 5 Â 10 À5 ; Table 3 ). This included rs3801387 in WNT16 (p ¼ 2.68 Â 10 À6 ), which had already met our criteria for inclusion in the replication genotyping based on the results with the lumbar spine BMD phenotype (p ¼ 1.7 Â 10 À9 ). Several associations unique to the femoral neck BMD meta-analysis were also identified. These included rs1566045 on chromosome 16, 120 kb 5 0 of LOC100652974 (p ¼ 2.57 Â 10 À7 ) and rs7386 on chromosome 11, 28 kb 5
).
Replication and joint analysis
There were 5597 women in the replication sample, of whom 4158 were of European descent. Only femoral neck BMD was available for the ALSPAC cohort (replication n ¼ 4744 for lumbar spine BMD). A total of 23 SNPs in 20 distinct chromosomal regions were selected for genotyping in the replication sample.
Results for the 23 SNPs are presented for lumbar spine BMD (Table 2 ) and femoral neck BMD (Table 3 ).
In the joint meta-analysis of both the discovery and replication samples, the evidence for the lumbar BMD association with SNPs in WNT16 and ESR1/C6orf97 became more significant. In the WNT16 region, the p value in the joint analysis for rs3801387 was 1.3 Â 10 À11 (Table 2 ). In the ESR1/C6orf97 region, the p value for rs4870044 improved to 1.4 Â 10 À10 and another SNP, rs6930633, now met genome-wide significance (p ¼ 1.16 Â 10 À8 ; Table 2 ).
For most other SNPs, the joint analysis did not substantially improve the evidence of association observed in the discovery sample. Plots of the effect size estimates for each of the cohorts and for the joint analysis as a whole are provided for WNT16 SNP rs3801387 (Fig. 3A) and for the SNPs in the ESR1/C6orf97 region (Fig. 3B) . The joint analysis of the femoral neck BMD phenotype (Table 3) did not result in any SNPs achieving genome-wide significance. However, for several SNPs (rs3801387 in WNT16 and rs4870044 in the ESR1/C6orf97 region), the evidence for association improved after the joint analysis (p ¼ 4.3 Â 10 À7 and 1.0 Â 10 À5 , respectively; Table 3 ).
The replication sample included an African-American and a Hispanic cohort. Given the potential heterogeneity that could be introduced with their inclusion, we performed the joint analysis without these cohorts included. The sample now including 8219 white and non-Hispanic subjects (85% of the original) yielded similar association results, although for a few SNPs, the evidence of association was substantially improved (ESR1, rs6930633: p ¼ 8.9 Â 10 À11 and rs2982575: p ¼ 4.6 Â 10
À8
). 
Conditional analysis
Conditional analyses were performed to determine whether the associations detected at the WNT16 or C6orf97 loci might be the result of multiple independent genetic factors in these regions. For WNT16, including the SNP (rs3801387) with the most significant lumbar spine BMD GWAS p value as a covariate in association analysis resulted in nearly complete reduction of the association signal in this region (compare Fig. 2A and Fig. 4A ), suggesting that there is no evidence for a second, independent genetic factor in this region. In contrast, for the ESR1/C6orf97 region, the evidence of association with the other SNPs in the region was largely unaffected when conditioning on any of the three individual SNPs from this region included in the replication set (compare Fig. 2B and Fig. 4B-D) . This supports the hypothesis that there is more than one genetic factor influencing peak BMD in the ESR1/C6orf97 region. Similar results were observed in the replication sample and joint analysis when the same three SNPs were analyzed (Table 4 and Supplemental Fig. S2 ).
Discussion
This is the first GWAS analysis of an exclusively premenopausal female sample to identify genes associated with peak BMD. The two-stage design included an initial discovery stage consisting of genome-wide analysis of a sample of premenopausal women of European descent for lumbar spine and femoral neck BMD phenotypes. This was followed by a second-stage analysis of 23 SNPs in a replication sample using the same BMD phenotypes. The replication sample was more diverse and included women of European, Hispanic-American, and African-American descent. We identified SNP associations in the discovery sample that reached genome-wide significance. The joint analysis of the discovery and replication samples resulted in greater evidence of association for three SNPs in two distinct regions (WNT16 and ESR1/C6orf97). For two SNPs in ESR1, the evidence of association improved substantially when the analysis was limited to only the white, non-Hispanic cohorts.
We found the greatest evidence for association in this study between lumbar spine BMD and the SNP rs3801387, in the last intron of the WNT16 gene. The evidence of association extended to SNPs in linkage disequilibrium with rs3801387 in the neighboring gene, FAM3C ( Fig. 2A) , which encodes a less wellcharacterized interleukin-like molecule. Suggestive evidence of association to this region was also observed in analyses of femoral neck BMD, suggesting an effect on BMD at multiple skeletal sites.
WNT16 is a member of the Wnt-frizzled signaling pathway and is believed to be a ligand for transmembrane receptors of the frizzled gene family. (13) Functionally, Wnt16 is involved in specification of the sclerotomal somite compartment, which houses vertebral and vascular smooth muscle cell precursors and has been proposed to signal via the noncanonical pathway, (24) which is conserved in vertebrates. Wnt16 knockout mice have reduced bone strength and increased susceptibility to fracture. (25) SNPs in the human WNT16/FAM3C region, and rs3801387 in particular, have been associated with BMD and bone phenotypes at other skeletal sites, including total body and skull BMD, (26) as well as radial BMD, cortical thickness of the tibia as measured by peripheral quantitated computed tomography (pQCT), and forearm fracture. (25) SNPs in WNT16 have also been associated with bone phenotypes across the human lifespan. Previous studies have shown an association with BMD in early childhood (26) and in heterogeneous samples primarily composed of elderly individuals of European descent. (13) The effect size observed for rs3801387 association in our joint analysis with lumbar spine BMD is larger than that observed for lumbar spine BMD in the large sample of primarily older women from the GEFOS consortium reported by Estrada and colleagues. (13) A similar trend is observed for estimated effect sizes of top SNPs 0.093 
16.77 0.32 from our study with those observed in the larger, more heterogeneous sample (Table 5 ). This suggests that earlier periods of life might be important with respect to which genetic variants in WNT16 and other BMD genes identified by the GWAS approach have a lasting effect. Two recent studies (25, 26) have detected multiple independent genetic factors at WNT16 contributing to BMD at skeletal sites not examined in our study, total body and radial BMD. In our conditional analyses, we did not detect evidence to support a second independent genetic factor in that region influencing peak spine BMD. However, our study was not sufficiently powered to exclude the presence of a second signal in this region.
We also detected significant evidence of association with lumbar spine BMD and SNPs in the chromosomal region encompassing the ESR1, estrogen receptor alpha gene. ESR1 has multiple isoforms and a distinct, nonoverlapping open reading frame near its 5 0 terminus, named C6orf97, whose biological role is poorly understood. The SNPs associated with lumbar spine BMD are located within the C6orf97 sequence or the noncoding region 5 0 of the longer ESR1 isoforms. Other investigators have reported complex patterns of association with genetic variants at or near the ESR1 locus with bone-related phenotypes such as radial BMD and heel ultrasound parameters. (27) ESR1 encodes a nuclear transcription factor, with evidence suggesting a Result from analysis with genotypes for the other two ESR1/C6orf97 SNPs as covariates.
possible skeletal role in periosteal mechanosensitivity and expansion. (28, 29) Because the chromosome 6 SNPs associated with lumbar spine BMD had differing MAF (0.29, 0.33, and 0.49) and low levels of linkage disequilibrium between them, we performed conditional association analysis to test whether these SNPs represented independent genetic factors influencing peak BMD. Association results were unchanged when either of the two nearby ESR1/C6orf97 SNPs was included in the association model along with the SNP under consideration. This confirms the finding of the prior study on radius and heel BMD phenotypes (27) that there are multiple independent factors in this chromosomal region. These results are also consistent with the results from Estrada and colleagues, (13) who detected a second association achieving genome-wide significance in the ESR1 region in a more heterogeneous sample of men and women with a wider age range. Investigators of common-variant associations with complex disease should continue to pursue detailed analyses of key findings using conditional analyses and other approaches to enable the most complete dissection possible of the role of common variants in complex diseases.
The association results were less significant for femoral neck than for lumbar spine BMD. This may be because of several factors. First, our analyses tended to identify smaller effect sizes for femoral neck BMD as compared with lumbar spine BMD for the same SNPs (Table 5 ), suggesting we have lower power to detect associations with femoral neck BMD. Second, there are higher measurement errors at the femoral neck skeletal site. Third, the age range of subjects in our analyses were further beyond the typical age of peak bone mass at the femoral neck than at the lumbar spine; peak lumbar spine bone mass occurs at 33 to 40 years of age in women, whereas femoral neck peak bone mass occurs earlier (16 to 19 years of age). (15) This suggests that even though we included only premenopausal women, the femoral neck BMD may be influenced by both bone acquisition and bone loss. Fourth, the spine and femoral neck sites could be differentially affected by lifestyle factors such as weight-bearing or high-impact exercise. However, suggestive p values for several SNPs were observed at both sites, notably for SNPs in the WNT16 and ESR1 regions, suggesting effects of variants at these loci across both BMD phenotypes.
We also compared our results with those obtained in the largest BMD GWAS meta-analysis published to date from the GEFOS consortium, (13) which analyzed men and women across a wide age range. The two genes in which we identified SNPs with genome-wide evidence of association, WNT16 and C6orf97/ESR1, also contained SNPs associated with BMD in the GEFOS study. As shown in Table 5 , we generally did not find strong evidence that the same SNPs in these genes were associated with BMD in the current study as in the GEFOS study, (13) and only 4 of the 56 loci detected in the joint female GEFOS analysis (13) were observed to have p values below 5 Â 10 À5 in the present study for one or both BMD phenotypes (Supplemental Table S1 ). This may be because of several factors. One might be that some genes contribute to BMD variation primarily in premenopausal women. Another factor could be that because we limited our sample to premenopausal women, we had limited power to detect genetic factors of small effect. The discovery sample used in our study had 67% power at our inclusion threshold to detect associations of similar effect (standardized regression coefficient ¼ 0.10) to the larger effects observed in the much larger meta-analysis of Estrada and colleagues (13) for common SNPs (MAF ¼ 0.30 to 0.40). Thus, we were reasonably powered to detect SNP associations that were at least as large as those identified in the phenotypically more heterogeneous GEFOS study, but may not have been powered to detect these effects if they were smaller in our sample.
In conclusion, we identified SNPs in two genes that were significantly associated with BMD in premenopausal women, who are likely to be at or around peak BMD. These genes have been previously reported to affect BMD at the same skeletal sites in heterogeneous samples of older and younger subjects. Importantly, there is evidence in premenopausal women to support allelic heterogeneity in ESR1. Future studies will focus on the identification of the genetic variants that underlie these replicated associations.
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